Bulk metallic glasses (BMGs) and their derivative metal matrix composites (BMGMCs) are emerging high-performance engineering materials that are on the precipice of widespread commercialization. is review article discusses the origin of these materials and how their applications and research focus have divided into two distinct �elds, one primarily focused on the plasticlike processability of BMGs and the other on the enhanced fracture mechanics of BMGMCs. Although the materials are of similar composition and origin, it is argued that their implementation will be widely varying due to their different processing requirements and intended uses. BMGs will likely �nd use as plastic-replacement components in cosmetic applications (e.g., watches, cell phones, biomedical implants) while BMGMCs will be used in structural applications (e.g., golf clubs, hardware for defense, energy absorbing structures).
Since 1960, with the �rst publication of a metallic glass system in AuSi [1] , amorphous metals and their composites have produced widespread scienti�c and commercial interest [2] [3] [4] . Initially, the focus of research in this area was centered on rapidly quenched thin foils and ribbons of metallic glass and, in particular, the scienti�c curiosity of how deeply undercooled liquids could avoid nucleation and growth of crystals when cooled below their glass transition temperature [5, 6] . Commercial applications soon followed with the identi�cation of unique mechanical and magnetic properties obtained in thin layers of the materials. ese included transformer coils produced by winding ribbons of Ni-, Co-, and Fe-based metallic glasses and corrosion resistant spray coatings of glass-forming alloys on drilling pipes, for example [7] . Two decades of further research led to the development of multicomponent alloy compositions with deep eutectics, large atomic size mismatch between constituents and sluggish crystallization kinetics such that critical cooling rates to prevent crystallization could be reduced by orders of magnitude (from 10 6 in quenched ribbons to 0.7 K/s in Pd-Cu-Ni-P). ese new alloys, identi�ed as bulk metallic glasses (BMGs), exhibited robust glass-forming ability and could be fabricated at thicknesses greater than 1 mm, thus creating a potential for structural hardware [8, 9] . e development of BMGs in practical (low cost) alloy compositions, such as Cu-ZrNi-Al and Zr-Ti-Cu-Ni-Be, opened the door for widespread commercialization into applications such as cell phone cases and golf clubs. e surge in commercial interest, starting in the mid-1990s, identi�ed a wide range of applications for BMGs but also identi�ed a number of �aws in the material when used as structural hardware, particularly the low fracture toughness, low fatigue limit and complete lack of ductility [10, 11] . Some research shied towards toughening strategies for BMGs and in the early 2000s, progress was made by recognizing that the brittle failure of BMGs could be mitigated with the addition of crystalline phases into a BMG matrix [12] . is started a parallel �eld of research in BMG matrix composites (BMGMCs), with the aim of producing centimeter or greater thickness amorphous alloys for structural (load bearing) applications. Vigorous funding and increased world-wide research interest on BMGs and BMGMCs led to a resurgence in scienti�c progress on the materials by the end of the decade. Further understanding of the intricacies of processing amorphous metals has now brought us to the brink of global commercialization for these novel alloys and to a place where future activities in BMGs and their composites, while equally bright, diverge. BMGs are poised to make an impact in low-thickness, highprecision cosmetic applications usually reserved for polymers, while the high-strength, toughness, and hardness of BMGMCs are being investigated for high-performance loadbearing applications, such as spacecra shielding and panels for military vehicles. Metallic glass coatings, in contrast, have already broken into the commercial marketplace with successful ventures achieved primarily in the oil and gas industry (see, e.g., websites for Armacor, Scoperta and the NanoSteel Company).
�ith access to in�nite cooling rates, all metals and metal alloys can be undercooled into an amorphous state because crystal nucleation and growth are time dependent phenomena. Practically, the highest laboratory cooling rates that can be achieved to form a free-standing metal structure are obtained through splat or ribbon quenching, reaching initial cooling rates of ∼10 7 K/s. Unfortunately, for all metallic elements (and most metal alloys), crystal nucleation and growth intervene on a shorter timescale than is achievable in the laboratory. e scienti�c breakthrough in this area was the identi�cation of alloys with deep eutectics that could be undercooled to below their glass transition temperature at cooling rates of less than 10 7 K/s [5] . Successful fabrication of amorphous AuSi foils were obtained by splat quenching, a technique that involves levitating a metal droplet (0.25-1 g) using a conical induction coil, turning off the power to allow the droplet to fall through a laser beam, and splatting the droplet between two copper paddles to achieve amorphous foils 10-100 m in thickness, see Figure 1 (a) [1] . Owing to the high laboratory cooling rates achieved through splatquenching, many alloy compositions were discovered that could be formed into thin foils, including alloys using lowcost elements such as Fe-Ni-B, Fe-Ni-P-B, and Ni-P [5] . e development of ribbon quenching techniques allowed these new alloys to be fabricated in hundreds-of-meters long strips, which are still commercialized today, see Figure 1 (b). e ribbon quenching technique is a continuous casting process that involves spraying molten alloy onto a spinning copper wheel. e alloys cools from one side by the wheel and the other side is free-cooled, leading to similar cooling rates as the splat quenching technique (∼10 6 K/s) but with the added improvement of continuous casting.
By the 1980s, some research focus in metallic glass research turned towards developing alloys that could be formed into bulk dimensions, typically greater than 1 mm in thickness or diameter [5, 6] . Forming BMGs presented a major practical challenge because of the three orders of magnitude increase in the critical cooling rate needed to form bulk parts (e.g., 10 7 K/s in splat quenching to 10 3 K/s in copper mold casting). Early success in the fabrication of BMGs involved Mg or La-based alloys until practical Zr-CuAl-Ni alloys were developed in 1990, followed by Zr-Ti-CuNi-Be alloys in 1993. In the new Zr-based BMGs, critical cooling rates could be as low as 1 K/s to vitrify the alloys, which opened the door for die-casting-type processes for fabrication of net-shaped hardware. Alloy rods of up to 85 mm diameter have been demonstrated in the best glass-forming system yet known, Pd-Cu-Ni-P, which exhibits the lowest known critical cooling rate (0.067 K/s) [5] [6] [7] . In the last three decades, dozens of alloys systems have been discovered that can be formed into BMGs, including ferromagnetic alloy systems (Fe-, Ni-, and Co-based), precious metals systems (Au-, Ag-, Pd-, Pt-based), and practical systems (Ti-, Cu-, and Zr-based). Commercial applications for BMGs, starting in the late 1990s by Liquidmetal Technologies, in California, and several Japanese ventures, demonstrated the promise of the new materials [6, 7] . Applications ranging from golf clubs, springs, optical devices, cell phone cases, biomedical implants, sporting equipment, and so forth were quickly developed through a variety of die-casting methods. e unique chemistry of BMGs made them ideal materials for applications typically held by polymers. BMGs exhibit low melting temperatures (which means that simple Cu or steel molds can be used repeatedly with little wear), low viscosities in the melt (which allows for easy mold �lling and complex net-shaped parts), low critical cooling rates (which means parts up to several centimeters thick can be made amorphous), and excellent mechanical properties when cooled into the amorphous state (high strength, hardness and surface �nish). Figure 2 shows several BMG parts sitting on a ∼1 m 2 plate of die-cast Vitreloy 1 (parts fabricated by Liquidmetal Technologies and Howmet). e parts shown include a golf club driver, an iron, a USB hard drive case, a camera body, an optical device, eight ingots of feedstock, and a 12 mm diameter rod, all from the alloy Vitreloy 1 (trade name LM1). Figure  3 shows die-cast BMG components used to fabricate a watch.
Despite the initial promise of replacing plastics, as was the early objective, the widespread commercialization of BMGs did not happen because of several unforeseen drawbacks. It is now known that the mechanical properties of BMGs (particularly fracture toughness and fatigue limit) are highly dependent on material quality, oxygen content and the presence of unwanted phases or partial crystallization [10, 11] . is presents a major challenge to commercial manufacturing because lower quality material is typically used to make products cost-competitive. Moreover, large-scale diecasting generally involves melting crucibles and low-vacuum systems, which add contaminants and oxygen to BMGs. High volume parts made from BMGs can become brittle if low-quality material is used and unwanted phases can tarnish the cosmetic �nish usually desired from consumer hardware. Despite these shortcomings, BMGs (of any quality or composition) are inherently brittle, which limits any application where a part may be subjected to uncon�ned (tensile) loads. Owing to a lack of microstructure to stop crack formation, no monolithic metallic glass exhibits significant ductility in tension, despite some alloys that have large fracture toughness. Currently, there are now well-established correlations between thickness, fracture toughness, plastic zone size and bending ductility, which demonstrates that in plates or rods greater than ∼3 mm in thickness, BMGs fail in a brittle manner [13] [14] [15] [16] . Although these problems have been addressed recently by creating ultratough BMGs and designing applications for BMGs to be under 3 mm, the solution in the early 2000s was to develop BMG composites, where additional phases could be selectively added to BMGs to arrest crack propagation.
e ideas of a partially crystalline metallic glass or a combination of metallic glass with some inclusion have been around nearly as long as metallic glasses. Early annealing experiments to study the glassy structure resulted in partial crystallization while other composites were stumbled upon through alloy development. In the late 1990s, attempts were made at developing "ex situ" composites, where BMGs were in�ltrated over wires or powders of various crystalline materials to create two-phase mixtures [17, 18] . Compression tests from two ex situ BMG composites reinforced with different volume fractions of so Zr-Nb particles is shown in Figure 4 (a). Despite shear band formation and plasticity in bending, Figure 4 (b), tensile ductility is absent. e addition of wires and particles was intended to improve the plastic strain associated with failure in the BMG but also to increase the density for possible kinetic energy penetrator (KEP) applications, when W or Ta wires were used. ese ex situ BMG composites showed some improvement in compressive plasticity over monolithic BMGs, but ductility in tension was still absent unless the wires spanned the length of the rod, creating an iso-strain loading con�guration and a "rule-of-mixtures" ductility. e major breakthrough in the formation of BMG composites was the development of "in situ" matrix composites (BMGMCs), where a secondphase dendritic structure could grown in equilibrium with a glass forming alloy [12] . is was accomplished by utilizing chemical decomposition in Zr-Ti-Cu-Ni-Be, recognizing that Cu, Ni, and Be have little or no solubility in the body centered cubic (bcc) phase of Zr-Ti. By increasing the concentration of Zr and Ti, while reducing Cu, Ni, and Be, a thermodynamic equilibrium is created between bcc dendrites and a eutectic liquid. When quenched, the eutectic vitri�es as a glass matrix with the dendrites evenly spaced within. e �rst toughened in situ BMGMCs were developed by Hays and Kim at Caltech in 1999 (later published in 2000), by recognizing that the dendritic phase could be soened relative to the BMG matrix by adding a beta stabilizer, Nb. e six component BMGMC Zr 56.2 Ti 13.8 Nb 5 Cu 6.9 Ni 5.6 Be 12.5 (60% BMG, 40% bcc) was the �rst alloy of metallic glass to exhibit both the high tensile strength of BMGs, but also signi�cant necking in tension (∼3%) [19] . is discovery started the parallel �eld of BMG composites, for those researchers interested in improving the mechanical properties of amorphous metals for structural applications. During the early 2000s, research in amorphous metals increased dramatically, with numerous countries supporting large research efforts and university professors (USA, UK, Germany, China, Korea, etc.). However, despite early promise, commercial applications for BMGs did not become widespread due to problems with material cost, quality, production volume, and toughness, among others. Progress in BMGMCs was also hampered by a number of scienti�c issues which prevented signi�cant improvements over the Zr 56.2 Ti 13.8 Nb 5 Cu 6.9 Ni 5.6 Be 12.5 composite published in 2001. Although many BMGMCs were discovered in a variety of systems, these alloys did not outperform the original alloy in terms of mechanical properties such as strength and ductility [20] [21] [22] [23] [24] [25] . e primary reasons for this included the unique chemistry of Be-bearing composites, the composition of the dendrites, the length scale of the dendrites, and the toughness of the glass matrix. By 2007, progress was made in the emerging parallel �eld of BMGMCs by developing a series of guidelines for creating toughened composites [26] . (1) e composite system needs a highly processable monolithic metallic glass with sluggish crystallization. Zr-Bebased composites are optimal for BMGMC formation due to the lack of stable compounds between the constituents and Be, which prevents heterogeneous nucleation triggered by the dendrites during quenching. (2) e composite system needs a stable crystal that does not cause heterogeneous nucleation of the matrix. ese dendrites can be formed in equilibrium two-phase systems, or by partially crystallizing the BMG during cooling. (3) e shear modulus (G) of the dendrite needs to be lower than the matrix. e inclusion needs to be so relative to the matrix such that cracks are "attracted" to them, rather than propagating through the matrix alone. (4) e microstructure should be coarsened to match the inclusion size and spacing with the plastic zone size (critical shear band length) of the BMG matrix. is rule was developed by observing a cooling rate dependence on the scale of the dendrites in a BMGMC. When cooled from the liquidus, time for nucleation and growth is limited, creating a microstructure that varies throughout the quenched sample depending on the local cooling rate. e major breakthrough was the understanding that toughness was related to the size of these dendrites, and that regions where they were coarser produced higher toughness. is led to the development of semisolid processing, an intermediate quenching step where the BMGMC is held just above the solidus temperature in the two-phase region and the dendrites are allowed to thermodynamically coarsen prior to �nal quenching, see Figure 5 . is procedure proved extremely successful at creating large coarsened microstructures and ductility in BMGMCs was increased to >10% while fracture toughness increased to >160 MPa m /2 [27] . (5) ere also must be a suitably high fracture toughness interface between the inclusion and the BMG matrix such that crack growth does not proceed along the boundary of the inclusions. is rule was developed to explain the lack of ductility observed in powder-reinforced ex situ BMGMCs, even those where the size and composition of the dendrite matches the in situ composite. Oxide layers or porosity at the interface between the inclusions and the matrix generally leads to cracks propagating along the boundaries. Figure 6 shows images from a BMGMC, termed DH1 (Zr 36.6 Ti 3 .4 Nb 7 Cu 5.9 Be 9. ) with signi�cant necking in tension (Figure 6(a) ) due to the distribution of so dendrites, shown in Figure 6 (b) using a color adjusted scanning electron microscope image. BMGMCs, which generally contain at least 40% crystal phase, exhibit a rough surface when cooled in an ingot form, compared with a monolithic BMG which exhibits a perfect mirror �nish, see Figure 6 (c).
Recent progress in both monolithic BMGs and BMGMCs, particularly in the area of processing, would seem to indicate a bright future for these materials. e �eld of BMGs is poised to have widespread applications in the areas of consumer electronics, jewelry, fuel cells, coatings, and nano/microtechnology due to a much greater understanding of both the material properties and their processing potential. New toughened BMGMCs are now being investigated for high-performance structural applications in the areas of defense, aerospace, aeronautics, automotive, and sporting equipment. ese include energy [27] . ese maps demonstrate how amorphous alloys and composites compare with all other known engineering materials in terms of toughness, density, and strength. In the case of the toughened BMG composites, the maps show that their properties lie at the boundaries with all available materials, including plastic zone size, d, which has limited BMG use in thicknesses greater than 1 mm. e processing possibilities of monolithic BMGs have been the focus of considerable research effort in recent years. New capabilities for casting samples from the molten state, including tilt casting [28] , squeeze casting, injection casting, and so forth, have resulted in high-quality, tough parts with excellent cosmetic �nishes. ese have included cell phone cases, hollow tubes, sensors, and plates [6] . Enormous progress has also been made in the area of thermoplastic processing, which involves heating a BMG to the supercooled liquid region between the glass transition and the crystallization temperatures and forming it like a plastic, see Figure 8 (a) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . ermoplastic forming has been used in a variety of novel ways recently, including blow molding, shown in Figure  8 (b) [30] . is technique has been used to make BMG bottles, holograms, spheres, and hollow watch cases [35, 39, 41] . Recently, rapid discharge forming (RDF) was demonstrated as a new technique to heat and thermoplastically process a BMG in milliseconds, which takes advantage of the near constant resistivity as function of temperature in metallic glasses to create uniform volumetric heating, Figure 8 (c) [29] . ermoplastic forming has also been used recently to develop micro and nano applications for metallic glasses [39] . Since BMGs are liquids when formed, there is no limit to the scale of features that can be fabricated. Successful demonstrations have included nanowires, microgears, MEMS devices, ultrasmooth surfaces, and large area fuel cells [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . A large number of worldwide commercial and government ventures to create hardware from BMGs demonstrates the continued interest in turning amorphous metals into everyday objects.
New processing techniques and alloy compositions have also driven progress in BMGMCs. A recent breakthrough was obtained by creating a composite with a ductile shape memory alloy phase in Cu-Zr-Al-Co [42, 43] . is alloy, along with another demonstration in Ti-Zr-Ni-Ta-Be, illustrate that transformation induced plasticity (TRIP) is also possible in BMGMCs. Numerous research studies have been undertaken to understand semisolid processing strategies in BMGMCs [44] [45] [46] [47] [48] [49] . ese have included directional solidi�cation, Bridgman solidi�cation, semisolid forging, squeeze casting, and electrostatic levitation, among others, see Figure  9 [44] [45] [46] [47] [48] [49] . Continued government funding in the USA, from agencies such as NASA, the Office of Naval Research, and the Office of Air Force Scienti�c Research, demonstrates the promise for BMGMCs while widespread commercial interest may soon transform these materials into everyday hardware.
